This study was designed to test the hypothesis that fetal adrenal nitric oxide synthase (NOS) is elevated in response to long-term hypoxia (LTH). Pregnant ewes were maintained at high altitude (3820 m) for approximately the last 100 days of gestation. Between days 138 and 141 of gestation, adrenal glands were collected from LTH fetuses and age-matched normoxic controls. Quantitative real-time polymerase chain reaction (qRT-PCR) and Western analysis were used to quantify NOS expression, and NOS distribution was examined by immunohistochemistry and double-staining immunofluorescence for endothelial NOS (eNOS) and 17a-hydroxylase (CYP17). Neuronal NOS (nNOS) was expressed at very low levels and with no differences between groups. Expression of eNOS was significantly greater in the LTH group compared with control. Neuronal NOS was distributed throughout the cortex while the greatest density of eNOS was observed in the zona fasciculata/reticularis area and eNOS co-localized with CYP17. We conclude that LTH enhances eNOS expression in the inner adrenal cortex which may play a role in regulation of cortisol biosynthesis in the LTH fetus.
INTRODUCTION
Regulation of cortisol synthesis is essential for normal fetal growth and development. As in adults, the capacity to produce cortisol in response to stress is paramount in the ability of the late gestation fetus to survive physiological stressors. One such stressor is hypoxia that represents a threat to fetal survival and well-being. It is evident that hypoxic stress increases plasma cortisol in the ovine fetus. 1, 2 The acute phase of hypoxia has been studied extensively but much less is known about the effects of long-term hypoxia (LTH).
Our laboratory has studied the effect of LTH on the sheep fetus. We maintain pregnant ewes at high altitude (3820 m, PO 2 * 60 mmHg); from approximately day 40 of gestation to near term (term ¼ 146 days). We have clearly shown that the sheep fetus adapts to LTH, maintaining basal plasma cortisol at concentrations comparable to normoxic controls 3, 4 despite exhibiting elevated basal plasma adrenocorticotropic hormone (ACTH) levels. 5 The adaptive mechanisms involved in the preservation of normal basal cortisol levels in the face of this chronic stressor have not been fully elucidated. We have demonstrated that expression of the ACTH receptor, CYP11A (cytochrome P450 side-chain cleavage), and CYP17 (17a-hydroxylase), key steroidogenic enzymes in cortisol synthetic pathway were downregulated in the fetal adrenal in response to LTH. 6 Interestingly, although the normal ontogenic changes in basal plasma cortisol levels are maintained in the LTH fetus, in response to a secondary stressor, these fetuses exhibit enhanced cortisol production. Clearly, while the adaptive changes in expression of key steroidogenic genes provide a mechanism by which the fetus circumvents elevations in basal cortisol production in response to LTH, other factors likely play a role in governing cortisol production in these fetuses.
One potential mechanism may be through regulation of nitric oxide synthase (NOS) and subsequent production of nitric oxide (NO). Although the most studied function of NO is its effect on vascular smooth muscle, increasing evidence suggests that NO plays a role in the regulation of steroidogenesis. Nitric oxide has been shown to inhibit steroidogenesis in ovarian tissue of women, 7 pigs, 8,9 rabbits, 10, 11 and rats, 12 and NOS inhibitors increase testosterone secretion in Leydig cells. 13 Immobilization stress also increased NO in adult rat testes and reduced production of testosterone. 14 All three NOS isoforms, endothelial NOS (eNOS), neuronal NOS (nNOS), and inducible NOS (iNOS), have been demonstrated in the pig testes. 15 Although less is known about the effects of NO on adrenal steroidogenesis, NO inhibits basal, ACTH-, and angiotensin II-induced aldosterone production in adult bovine zona glomerulosa cells. 16 Nitric oxide inhibition of aldosterone was also shown to be cyclic guanosine monophosphate (cGMP) independent 17 and reversed by NOS inhibitor thiocitrulline. 18 Nitric oxide synthase inhibition also increased aldosterone production in humans in vivo. 19 In vitro, rat zona fasciculata cells exposed to different NO donors and the NOS substrate L-arginine produced significantly less glucocorticoid, 20,21 a likely consequence of NO-mediated inhibition of key rate-limiting steps in the steroidogenic pathway. 22 These data together with evidence that NOS may be regulated by hypoxia [23] [24] [25] suggest that NO inhibition of cortisol synthesis might be one of the possible mechanisms involved in our previously reported endocrine adaptations of ovine fetuses to LTH. [3] [4] [5] However, to date, there are no data regarding the presence and distribution of the various NOS isoforms in the fetal adrenal. The current study was designed to determine the expression and distribution of NOS in sheep fetal adrenal cortex and to test the hypothesis that LTH enhances adrenal NOS expression.
MATERIALS AND METHODS

Animals
Pregnant ewes were maintained at high altitude (3820 m, maternal PO 2 * 60 mmHg) from approximately day 40 of gestation to near term (term ¼ 146 days) in our wellestablished model for LTH, 5, 6, 26 using procedures approved by the Loma Linda University Institutional Animal Care and Use Committee and guidelines in the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Following transportation to the vivarium, maternal hypoxia was maintained by nitrogen infusion through a maternal tracheal catheter. Fetal adrenal glands were obtained between days 138 and 141 of gestation from LTH and age-matched normoxic controls. The methodology was performed as we have previously described in detail. 5, 6 The adrenal glands were either snap frozen in liquid nitrogen and stored at À80 C until analysis or fixed in 4% paraformaldehyde for immunohistochemistry.
Western Analysis
Fetal adrenal glands were cut in half along the longitudinal axis, placed in phosphate buffered saline (PBS 1Â; GIBCO, Carlsbad, CA, #70011-044), and the cortex was microdissected from the capsule and medulla. The cortical tissue was homogenized in 200 mL lysis buffer (20 mmol/L HEPES-KOH, 10 mmol/L KCl, 1.5 mmol/L MgCl 2 , 1 mmol/L EDTA, 167 mmol/L dithiothreitol, 100 mmol/L PMSF, 5 mg/mL leupeptin, 0.8 mg/mL aprotinin). The mixture was centrifuged at 14000g for 15 minutes and the supernatant collected. Total protein was determined by the Bradford method (Bio-Rad, Hercules, CA). Total protein (20 mg for eNOS (n ¼ 7 normoxic controls; n ¼ 8 LTH), 60 mg for nNOS and iNOS (n ¼ 8 normoxic controls; n ¼ 8 LTH) was loaded into freshly prepared sodium dodecyl sulfa-teÀpolyacrylamide gel electrophoresis (SDS-PAGE) gels (7.5% polyacrylamide). Molecular weights for nNOS, eNOS, and iNOS are reported as approximately 155, 140, and 130 kd, respectively. Electrophoresis was performed at 100 V for 100 minutes in Tris/glycine/SDS (Bio-Rad). Protein was transferred to nitrocellulose membranes (Amersham Biosciences, Piscataway, NJ) at 0.36A for 90 minutes in Tris/glycine buffer (Bio-Rad) on ice. The membranes were then blocked overnight at 4 C in Tris-buffered saline (Bio-Rad) containing 5% nonfat dry milk (Bio-Rad), 0.01% Tween 20. Primary antibodies were mouse anti-eNOS (1:250), mouse anti-nNOS (1:500), or mouse anti-iNOS (1:100; all from BD Transduction Laboratories, San Jose, CA, #610296, #610308, and #610599, mouse anti-eNOS, -nNOS, -iNOS, respectively) diluted in blocking solution. Secondary antibody was horse radish peroxidase (HRP)-conjugated goat anti-mouse (Santa Cruz Biotechnology, Santa Cruz, CA, #SC-2005) 1:1000 for all NOS isoforms. The membranes were subjected to enhanced chemiluminescence using Chemiglow Reagent (Alpha Innotech, San Leandro, CA) and visualized using the ChemiImager (Alpha Innotech) digital imaging system. Band intensities were measured and analyzed using AlphaEase software (Alpha Innotech). Relative density was normalized by loading equal protein amounts. In addition, a standard was run in every gel, and sample values were expressed as densitometric units relative to the standard (relative optical density) as previously described for use in our laboratory. 27, 28 Samples from each animal were run in duplicate, and mean of these duplicates represented the density of NOS protein for each animal. The values from each animal were then used to calculate the mean + SEM for each treatment group. The data were analyzed by Student t test and P < 0.05 was considered statistically significant.
Quantitative Real-time Polymerase Chain Reaction Quantification of Messenger RNA
As we have previously described, 6, 29 total RNA was prepared from adrenal cortex (n ¼ 6 for each group) using a total RNA extraction kit (RNAqueous-4PCR, Ambion, Inc., Foster City, CA) Purity of RNA was assessed at A260 and A280 and only RNA with 260/280 ratios of 1.8 to 2.0 were used. This procedure includes a DNase I treatment step during extraction. Reverse transcription was performed using 1 mg total RNA using oligo dT as the primer and Superscript II (Invitrogen, Inc., Carlsbad, CA) as reverse transcriptase in a reaction volume of 20 ml. RNA is initially denatured for 5 minutes at 95 C prior to first strand synthesis at 42 C for 50 minutes and 15 minutes at 70 C. For all genes of interest, even though the RNA samples are DNase treated, we performed control reactions in which the reverse transcriptase was purposely omitted. Primer sequences used for quantitative real-time (qRT) polymerase chain reaction (PCR) are listed in Table 1 .
Real-time PCR was performed using 1 to 5 ml (50 to 250 ng RNA equivalents) of first strand reaction per PCR reaction. All PCR reactions were performed in triplicate. The amount of complementary DNA (cDNA) needed per reaction is gene dependent and was determined by an initial PCR to ascertain that the amount of cDNA is within the linear amplification range for RT-PCR. Sybr Green was used as the fluorophore and a PCR mastermix using hot-start Taq polymerase supplied (Biorad, Inc., Hercules, CA) using a volume of 20 ml per reaction. We used a Biorad iCycler equipped with the real-time optical fluorescent detection system and four filters including Sybr Green. A general three-step PCR was used with a denaturation at 95 C for 45 seconds, annealing (oligo specific but typically 55-60 C) for 30 seconds and 72 C extension for 45 seconds. For each RT reaction, we used cyclophillin as a ''house keeping'' messenger RNA (mRNA). An artificial 100-base single-stranded DNA standard was used to generate a standard curve for quantification of starting cDNA concentrations.
Criteria for RT-PCR primers include PCR amplicon must yield a single product (for all genes of interest, the amplicons were verified positive by Sanger dideoxy sequencing); a dilution curve of cDNA must yield a slope that is the same as generated by the standard DNA (100% þ 10% ''efficiency'' where 100% ¼ 43 Ct/log cDNA input), and a postamplification melt curve analysis of product must repeatedly demonstrate one product.
Immunohistochemistry
Fetal adrenals were fixed whole in 4% paraformaldehyde for *24 hours, then placed in 70% EtOH until paraffin embedding. Longitudinal sections, 10m, of paraffinembedded tissue were cut, mounted on microscope 
Immunofluorescence Double Staining
Adrenal glands were cryosectioned (8 mm transverse sections), mounted onto slides and stored at À80 C. For analysis, the slides were brought to room temperature then air dried and fixed in ice-cold acetone. The sections were washed twice in 0. 
RESULTS
Western Analysis
eNOS was abundantly expressed in both control and LTH fetal adrenal cortical tissue ( Figure 1A) ; however, expression for the LTH group were significantly higher (P < .05) than control (.55 + .08 LTH vs. .28 + .05 control, relative optical density units). Neuronal NOS protein was expressed in both groups with no difference between control and LTH adrenals ( Figure 1B) . However, the difference in relative protein abundance between eNOS and nNOS is highlighted by the scale difference between Figure 1A and B. It is also important to note that the amount of total protein loaded for nNOS was 3 times greater than that loaded for eNOS. Overall, eNOS was the dominant NOS isoform expressed about 30-fold more than nNOS. Inducible NOS was not detected by Western analysis in adrenal cortical tissue from either normoxic or LTH fetal sheep.
Quantitative RT-PCR
As determined by qRT-PCR, the concentration of mRNA for eNOS was significantly higher (P < .001) in LTH fetal adrenal glands compared to normoxic controls (Figure 2A ). Message levels for nNOS did not differ between groups and were dramatically lower than those observed for eNOS ( Figure 2B ), confirming the results obtained from Western analysis. In contrast to the lack of protein expression, iNOS mRNA was measurable, albeit in low amounts, in both control and LTH adrenal cortical tissue ( Figure 2C ). Values for iNOS were significantly lower in the LTH group compared to control (P < .05).
Immunohistochemistry
In the normoxic adrenals, eNOS was primarily localized in the inner cortex (ZF/ZR) almost entirely sparing the outer cortex with minimal staining in the medulla ( Figure 3A ). In the LTH adrenals, eNOS was distributed throughout the cortex and medulla, with the most intense staining in the ZF/ZR ( Figure 3B ). For nNOS, staining was similar for both control and LTH adrenals, with primary distribution of stain in the cortex (Figure 4A and B) . Staining for iNOS was undetectable in either group (data not shown).
Immunofluorescence
A representative section of adrenal cortex illustrates localization of eNOS and CYP17 proteins in the inner cortex (ZF/ZG) toward the medulla ( Figure 5 ). eNOS, represented by red fluorescence, was detected throughout the cortex with slightly lower intensity of the red fluorescence in the ZG (area not shown). CYP17, represented by green fluorescence, localized to the inner cortex of ZF/ZR, and was not detected in the ZG as expected (area not shown). Large areas of yellow fluorescence reflect the co-localization of eNOS and CYP17, indicating the presence of eNOS in adrenocortical cells.
DISCUSSION
We previously demonstrated that under conditions of LTH, the ovine fetus undergoes significant adaptive changes at the level of the hypothalamic-pituitary- adrenal (HPA) axis. Despite elevations in basal ACTH secretion, 5 basal plasma cortisol concentrations are maintained within the range observed for normoxic control fetuses. 3, 4 The mechanisms involved in this critical adaptive response remains undefined. One potential mechanism is NO generation through the regulation of NOS. In the current study, we found that eNOS is significantly upregulated in the adrenal cortex of the LTH fetus. To our knowledge, these are the first studies to not only describe the expression and distribution of NOS in the fetal adrenal, but more importantly, to demonstrate the effect of LTH on upregulation of eNOS.
Nitric oxide, a gas synthesized by a family of NOSs, exerts a wide range of physiologic functions. The most studied function of NO is its effect on vascular smooth muscle. A major mechanism by which NO mediates cellular signaling in vascular smooth muscle is via activation of soluble guanylate cyclase. Nitric oxide binds the heme group of soluble guanylate cyclase altering enzyme conformation and increasing its activity leading to elevation of intracellular cGMP with subsequent activation of protein kinase G (PKG) resulting in vascular relaxation. 30 Nitric oxide has also been shown to have a profound effect on steroidogenesis in endocrine tissues. Unlike in vascular tissue however, the effects of NO on steroidogenesis seems to be cGMP independent. 17 Nitric oxide appears to competitively interact with the oxygen binding site of key steroidogenic enzymes like P450scc (CYP11A1) and P450c17 (CYP17). 31 Because these enzymes use several rounds of attack of the hemeoxygen complex on the steroid substrate Peterson et al, 32 suggested that such multistep targets would be more sensitive to NO inhibition than other enzymes such as, P450c21 (CYP21) or P450c11 (CYP11B).
The competitive interaction of NO with the oxygenbinding site of steroidogenic enzymes makes this compound an effective inhibitor of steroidogenesis. Indeed, NO has been clearly shown to inhibit steroidogenesis in a wide range of endocrine tissues including ovary, 11, 33 testes, 15 and adrenal cells. 18, 21 At the level of the adrenal, the most widely studied effects of NO on steroid production have been on aldosterone synthesis, where NO has been clearly shown to be a negative regulator. Although there is less information regarding the role of NO in glucocorticoid production, NO donors decreased both unstimulated and ACTH-stimulated corticosterone production in rat zona fasciculata cells. 20, 21 In contrast, NOS inhibition resulted in enhanced glucocorticoid output. 20 Adams et al, 34 also found NO to act as a negative inhibitor of corticosterone synthesis.
Although the inhibitory effects of NO on steroidogenesis are clear, there is some controversy on the source of NO in endocrine tissue. The expression and distribution of NOS in the adrenal has been studied in a wide range of species with varying results. Neuronal NOS has been shown to increase in the adrenal cortex of rats following immobilization stress, 35, 36 while eNOS expression has been demonstrated in rat zona glomerulosa 36, 37 and fasciculata. 37 In contrast, Hanke and Campbell 18 found that cultured bovine adrenal zona glomerulosa cells do not have detectable NOS. However, adrenal endothelial cells showed both enzymatic and immunoreactive eNOS. The authors suggested that these differences might be the result of either species specificity or as a result of cell culture conditions on adrenal NOS expression.
Data from the current study clearly demonstrate the presence of both eNOS and nNOS in adrenal cortical tissue of near term fetal sheep. For eNOS, immunohistochemical staining was most intense in the ZF/ZR region of the cortex in both control and LTH adrenals. This is similar to the distribution of eNOS staining reported in the adult ovine adrenal. 32 However in the same study, the authors were unable to demonstrate the presence of nNOS. In contrast, we observed clear immunohistochemical staining for nNOS in the adrenal cortex of both control and LTH fetuses. The similar presence of nNOS was further confirmed by Western analysis as well as qRT-PCR albeit in relatively low abundance compared to that for eNOS. The reason for differences in adrenal cortical nNOS expression between adult and fetus may be due to developmental changes. Although we demonstrated iNOS mRNA at very low expression levels, it was undetectable with Western analysis or immunohistochemistry. This is consistent with earlier studies in adult ovine, 32 rat, and human adrenal cortex 36 as well as in bovine zona glomerulosa cells, 18 demonstrating the absence of adrenal iNOS. Unlike the other NOS isoforms, iNOS activation is calcium independent and is only regulated at the level of expression, which would be ineffective as a method of controlling steroidogenesis.
In the current study, immunofluorescent dual labeling of the ZF/ZR demonstrated co-localization of eNOS with CYP-17, a key enzyme involved in cortisol synthesis. This information further strengthens the concept that adrenal cortical cells express eNOS and that NO produced locally may play a role in local regulation of cortisol synthesis. Endogenous generation of NO from ZF/ZR cells has also been suggested to occur through constitutively expressed eNOS in the rat. 37 Irrespective of differences in species, developmental or the specific cellular localization of eNOS, the adrenal cortex is exposed to NO.
The concept that hypoxia can regulate NOS expression has precedence in a range of studies and tissues. Mitochondrial NOS (mtNOS) in cardiac tissue of male rats exposed to high altitude (4340m) for 21 days increased 58% over sea level values. 38 Exposure for longer periods of time (months) also resulted in upregulation of mtNOS. 39 The authors concluded that high altitude hypoxia triggers a key physiological adaptation that upregulates NOS activity. These changes were correlated with an increase in hematocrit that further suggests a common mediator for erythropoietin and mtNOS, HIF-1a.
Hypoxia has also been shown to increase eNOS expression and NO production in microvessels in the heart of pigs. 40 Another study showed that hypoxia stimulates the binding of eNOS with Hsp90 and activates the PI3-Akt pathway leading to eNOS phosphorylation and increased NO production. 24 Our group has previously shown that LTH enhances eNOS mRNA and protein in ovine uterine arteries. 23 In the current study, we clearly demonstrated that LTH also induces expression of eNOS in the fetal adrenal cortex. In contrast, Murata et al, 41 observed a reduction in eNOS expression and function in organ cultured pulmonary arteries following hypoxia (5% O 2 for 7 days). The same researchers also observed that hypoxia-induced pulmonary hypertension reduced NO production by impairing the interaction of eNOS with its regulatory proteins. 42 Other workers have observed that hypoxia decreases eNOS expression in fetal while increasing the same in adult guinea pig heart 43 and lung. 44 Taken together, data from these studies clearly demonstrate that hypoxic exposure can regulate eNOS expression. It also becomes apparent that there is tissue and species specificity to the effects of hypoxia on eNOS expression. Under normoxic conditions, upregulation of eNOS could also occur as a result of reduced de novo NO production. 45 However, under hypoxic conditions, it appears that eNOS is upregulated by mechanisms described above.
In conclusion, we have shown for the first time that the ovine fetal adrenal cortex expresses constitutive NOS (nNOS and eNOS). Further, LTH enhances expression of adrenal cortical eNOS. These data strengthen the hypothesis that enhanced LTH induced changes in NO production may be a mechanism by which the LTH fetus prevents elevations in basal cortisol secretion. We suggest that the enhanced eNOS expression represents elevated capacity for NO production and increased potential for regulation of cortisol synthesis under conditions of LTH.
